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The distribution of cosmic rays in the Galaxy at energies above few TeVs is still uncertain and this
affects the expectations for the diffuse gamma flux produced by hadronic interactions of cosmic rays
with the interstellar gas. We show that the TeV gamma-ray sky can provide interesting constraints.
Namely, we compare the flux from the galactic plane measured by Argo-YBJ, HESS, HAWC and
Milagro with the expected flux due to diffuse emission and point-like and extended sources observed
by HESS showing that experimental data can already discriminate among different hyphoteses for
cosmic ray distribution. The constraints can be strengthened if the contribution of sources not
resolved by HESS is taken into account.
PACS numbers:
I. INTRODUCTION
Cosmic rays (CR) that propagate in different regions
of the Galaxy interact with the ambient gas through
hadronic processes and produce a diffuse flux of high en-
ergy (HE) gamma and neutrinos. These particles prop-
agate to Earth along straight lines providing us with in-
formation on the CR space and energy distributions and,
thus, in turn, on the CR transport in the galactic mag-
netic field.
The diffuse gamma-ray flux has been measured by sev-
eral experiments, such e.g. [1–4]. The Fermi-LAT instru-
ment has recently reported a detailed picture of the entire
gamma-ray sky in the multi-GeV domain [5, 6] that can
be compared with expectations obtained by modelling
CR propagation in the Galaxy. Recent analyses pointed
out that the spectral distribution of CR may depend on
the galactocentric distance. The possibility of a progres-
sive large-scale hardening towards the inner Galaxy was
considered in [7] and confirmed by two different analy-
ses [6, 8] of the Fermi-LAT data. A very recent work
[9] argues that CR hardening is not a global large-scale
effect but may be the result of local enhancements of CR
density in giant molecular clouds.
In any case, the hypothesis that CR spectral index
in different regions of the Galaxy is lower (in modulus)
than the local value could clearly have a dramatic ef-
fect at TeV energies and above. It would enhance the
expected HE emission with respect to standard expecta-
tions and, moreover, it would produce a different angular
distribution of HE photons from the Galactic plane with
respect to lower energy observations. It is thus impor-
tant to compare predictions obtained in this assumption
with present observational constraints.
The presence of spectral hardening can be the sig-
nature of non-standard CR propagation, as for exam-
ple CR self-confinement via streaming instability [10] or
anisotropic CR transport due to the change of the mag-
netic field components toward the Galactic center [11].
While the second scenario is expected to hold at all en-
ergies, the first one is less relevant with increasing the
energy, so that the analysis of high energy gamma data
can provide an handle to distinguish between the two
mechanisms. A recent work [12] suggests that a large-
scale hardening is present up to ∼ 200 GeV and resilient
to parameters adopted in the analysis of the Fermi-LAT
data.
The goal of this paper is to test expectations for the
galactic HE gamma-ray emission against existing obser-
vational data in the TeV domain. We consider, in partic-
ular, the observations provided by Argo-YBJ [13], HESS
[14], Milagro [15] and the preliminary results by HAWC
[16]. We calculate the diffuse HE gamma flux by us-
ing the phenomenological approach introduced in [17–
19] that allows us to implement different assumptions for
the CR space and energy distribution in a simple and
direct way, including the possibility of a position depen-
dent CR spectral index. A similar approach was recently
used by [20]. We improve with respect to previous calcu-
lations [19, 20] by considering more realistic descriptions
of CR distribution and by discussing the contribution of
pointlike and extended gamma-ray sources observed by
HESS [21] when comparing to observational data.
The plan of this paper is as it follows. In the first
section, we describe how we calculate the diffuse gamma
flux for the different assumptions on the CR spatial and
spectral distributions. In Sec.III we discuss the contribu-
tion due to resolved sources. In Sec.IV we compare our
predictions for the total gamma flux with observational
data provided by Argo-YBJ, HESS, HAWC, and Mila-
gro. Results are discussed in details in Sec.V. Finally we
summarize our work in the last section.
II. THE DIFFUSE GAMMA FLUX
The diffuse HE gamma flux is calculated according to
[17] in the range Eγ ≤ 20 TeV where gamma ray absorp-
tion in the Galactic radiation field is expected to be negli-
gible. The main differences with respect to our previous
calculation concern the CR distribution in the Galaxy.
Following [17], the CR nucleon flux is given as a function
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FIG. 1: Left Panel: The black lines show the functions g(r) obtained from Eq.(3) for different smearing radii R. Going from
top to bottom at r ' 2kpc, the different lines correspond to R = 1, 3, 5, 10,∞ kpc, respectively. The data points show the CR
density at E ' 20 GeV [6] (normalized to one at the Sun position) and the γ-ray emissivity above Eγ = 1 GeV [8, 12], as a
function of the galactocentric distance obtained from Fermi-LAT data. Right Panel: The black line gives the spectral index of
CR at ECR = 20 GeV adopted in this calculation. The data points show the CR spectral index obtained as a function of the
galactocentric distance from Fermi-LAT data in [6, 8, 12].
of position and nucleon energy by:
ϕCR(E, r) = ϕCR,(E) g(r)h(E, r) (1)
where ϕCR,(E) represents the local flux1, g(r) is an adi-
mensional function (normalized to one at the Sun posi-
tion r) introduced to describe the spatial distribution
of CR while the function h(E, r), given by:
h(E, r) =
(
E
E
)∆(r)
(2)
with E = 20 GeV and ∆(r) = 0, introduces a position-
dependent variation ∆(r) of the CR spectral index.
We describe the local CR nucleon flux ϕCR,(E) ac-
cording to the data driven parameterization [22] that re-
lies as little as possible on theoretical assumptions. In
the energy range of interest for the present analysis, that
roughly corresponds to E ' 10×Eγ ∼ 10− 200 TeV, the
total nucleon flux is lower than the broken-power law pa-
rameterization [23] adopted in our previous calculation
[17] by ∼ 12 % (∼ 30 %) at E ' 10 TeV (E ' 100 TeV).
The function g(r) is determined by the distribution of
the CR sources fS(r) in the Galaxy and by the propa-
gation of CR in the Galactic magnetic field. In [17], we
considered two extreme assumptions, named Case A and
Case B, that correspond to a completely mixed scenario
(i.e. a uniform CR gas g(r) ≡ 1) and to the opposite as-
sumption of CR being confined very close to their sources
(i.e. the function function g(r) was assumed to be pro-
portional to the CR source density as reported in Eq.(3.9)
of [17]), respectively.
1 In this work, we use the symbol ϕ for angle-differential fluxes
and Φ for angle-integrated fluxes.
Here, we consider a different phenomenological de-
scription. We define the function g(r) as:
g(r) =
1
N
∫
d3x fS(r− x) F(|x|/R)|x| (3)
where N is a normalization constant given by:
N =
∫
d3x fS(r − x) F(|x|/R)|x| (4)
while the function F(ν) is defined as:
F(ν) ≡
∫ ∞
ν
dγ
1√
2pi
exp
(−γ2/2) (5)
This kind of behaviour can be motivated as the solution
of 3D isotropic diffusion equation with constant diffusion
coefficient and stationary CR injection. In this context,
the smearing parameter R represents the diffusion length
R =
√
2D tG, where D is the diffusion coefficient and tG
is the integration time. The sources density fS(r) is as-
sumed to follow the Supernova Remnants (SNR) number
density parameterization given by [24].
The functions g(r) calculated for different smearing
radii R are shown as a function of the galactocentric dis-
tance by the black lines in the left panel of Fig.1 where
they are compared with the CR density at E ' 20 GeV
and the γ-ray emissivity integrated above Eγ = 1 GeV
(which is a proxy of the CR flux) obtained from Fermi-
LAT data in [6, 8, 12]. While we believe that the data
show a clear trend as a function of r, we think that they
still do not allow to discard any of the proposed curves.
We thus consider the two extreme assumptions R = 1 kpc
and R = ∞, corresponding to the thick black lines in
Fig.1, in order to encompass a large range of possibilities
and to provide a conservative estimate of the uncertainty
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FIG. 2: The diffuse HE gamma-ray flux at Eγ = 1 TeV as a
function of the Galactic longitude l (for b = 0) obtained by
assuming that the CR spectrum is position-independent (blue
lines) and by implementing CR spectral hardening in the inner
Galaxy (red lines) as described by Eqs.(2,6). Solid and dashed
lines (in each group) are obtained by assuming that the CR
spatial distribution follows that of SNR with smearing radius
R = 1 kpc and R =∞, respectively.
in the gamma-ray flux connected with different descrip-
tions of the CR spatial distribution in the Galaxy2.
In the first case (R = 1 kpc) the obtained function g(r)
is very close to the SNR distribution [24] given by the blue
dashed line in Fig.1. However, differently from the SNR
distribution, it does not vanish at the galactic center,
as it is naturally expected due to CR propagation. In
the outer regions of the Galaxy, the function g(r) drops
faster than the CR density. For this reason, we neglect
the variations of g(r) and we assume that it is constant
for r ≥ 10 kpc.
In the second case (R =∞) the function g(r) is quite
close to the CR distribution predicted by the GALPROP
code [25], shown with orange dashed line in Fig.1. The
function g(r) describes quite well the observational re-
sults a part from few points at r ' 3 kpc and very close
to the Galactic center where, however, results are less
reliable for the reasons discussed in [12].
The possibility of CR spectral hardening in the inner
Galaxy is implemented by modelling the function ∆(r)
in Eq.(2) as:
∆(r, z) = ∆0
(
1− r
r
)
(6)
with r = 8.5 kpc, in galactic cylindrical coordinates.
This choice is equivalent to what is done by [7, 26, 27]
2 Since the assumed smearing length is larger than the thickness
of the galactic disk, we neglect in both cases the variation of
the CR flux along the galactic latitudinal axis. In other words,
we assume g(r, z) ' g(r, 0) in the disk, where we used galactic
cylindrical coordinates.
in their phenomenological CR propagation model charac-
terized by radially dependent transport properties. The
numerical parameter ∆0 that physically corresponds to
the difference between the CR spectral index at the Sun
position, α ' 2.7 at E = 20 GeV, and its value close
to the galactic center, is taken as ∆0 = 0.3 since this
assumption allows us to reproduce the trend with r ob-
served by [6, 8, 12] for r ≤ 10 kpc, as it is shown in the
right panel of Fig.13. In more external regions, the evi-
dence for a variation of CR energy distribution is much
weaker and we assume that ∆(r) is constant, as shown
by the black solid line.
Our results for the diffuse HE gamma-ray flux pro-
duced by the interaction of CR with the gas contained in
the Galactic disk at Eγ = 1 TeV are plotted as function
of the Galactic longitude l (at the fixed latitude b = 0) in
Fig.2. Blue lines are obtained by assuming that the CR
spectrum is independent from the position in the Galaxy
(we refer to this in the following as the ”standard” sce-
nario) while red lines implement CR spectral hardening
in the inner Galaxy, as described above. Solid and dashed
lines in (each group) are obtained by assuming that the
CR spatial distribution is described by the function g(r)
given in Eq.(3) with smearing radius equal to R = 1 kpc
and R =∞, respectively.
The angle-integrated gamma-ray flux at 1 Tev is equal
to Φγ = (7.0 − 8.0) × 10−13 cm−2 s−1 GeV−1 in the
standard scenario with upper and lower bounds corre-
sponding to R = 1 kpc and R = ∞, respectively. The
inclusion of CR hardening increases the integrated flux
by 1.2− 1.3, the exact enhancement factor being depen-
dent on the assumed CR spatial distribution. Even if the
effect on the total flux is relatively small, CR hardening
may be responsible for a much more significant increase of
the gamma-ray flux in the central region −60◦ ∼< l ∼< 60◦.
We see indeed from Fig.2 that the enhancement factor
can be as large as ∼ 2 in the direction of the Galac-
tic center. This factor is larger than the uncertainty in
the flux due to CR spatial distribution that we conser-
vatively represent as the width of the coloured bands in
the figure. Additional uncertainty sources are the nor-
malization of the local CR flux at E ∼ 10Eγ ∼ 10 TeV,
the distribution of gas in the Galaxy for which we use the
same input as [25]4, the hadronic interaction cross sec-
tion, etc. All these are expected to produce a total error
smaller than the difference between red and blue lines in
the figure, suggesting that effects of CR hardening can
be probed by TeV scale gamma-ray observations of the
galactic central region.
3 Refs. [8, 12] report the spectral index αγ of gamma emission
associated to pi0 decay. This is converted into the spectral index
α of the parent CR by αγ ' α+ 0.1, as it is discussed in [28].
4 The heavy element contribution is included by assuming that the
total mass of the interstellar gas is a factor 1.42 larger that the
mass of hydrogen, as it is expected if the solar system composi-
tion is considered representative for the entire galactic disk.
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FIG. 3: The ratio between the cumulative flux produced by
sources in the HESS-GPS catalogue and the diffuse emission
in the Galactic region −60◦ ≤ l ≤ 60◦ and −3◦ ≤ b ≤ 3◦
as a function of the gamma energy. Blue lines correspond to
the ”standard” scenario while red lines implement CR spectral
hardening. Solid (dashed) lines are obtained by assuming a
smearing radius equal to R = 1 kpc (R =∞).
III. THE SOURCES CONTRIBUTION
The total flux of HE gammas produced in our Galaxy
can be written as:
ϕγ,tot = ϕγ,diff + ϕγ,S + ϕγ,IC (7)
where ϕγ,diff is the diffuse flux, ϕγ,S is the flux produced
by sources and ϕγ,IC indicates the contribution due to
inverse Compton emission by diffuse HE electrons. With
the term ’sources’, we refer here to all the contributions
produced within or close to an acceleration site by freshly
accelerated particles that potentially have (a part from
cut-off effects) harder spectra than the diffuse compo-
nent. In the longitude range of interest (−60◦ ∼< l ∼< 60◦),
the gamma-ray sky gets a comparable contribution at
TeV energies by sources and diffuse emission and it is
difficult to isolate the two components. For this reason,
we construct a complete model that include both contri-
butions and we compare it with the total flux observed
by the various gamma-ray experiments.
The diffuse emission is calculated as described in the
previous section. The flux produced by resolved sources,
which will be indicated in the following as ϕ
(r)
γ,S , is eval-
uated by using the HESS-GPS catalogue [21] that in-
cludes 78 VHE sources observed in the longitude range
−110◦ ≤ l ≤ 60◦ and latitudes |b| < 3◦, measured with
an angular resolution of 0.08◦ and a sensitivity ∼< 1.5%
Crab flux for point-like objects. Extended sources are
described with Gaussian profiles in l and in b, centered
at the source coordinates and with the size σ reported
in the catalogue. The source spectrum is calculated in
the energy range 0.1 ∼< Eγ ∼< 100 TeV by using a power
law or a power-law with an exponential cutoff with the
best-fit parameters reported in the online material of [21].
The cumulative flux produced by observed sources in the
angular region −60◦ < l < 60◦ and −3◦ < b < 3◦ is
compared with diffuse emission in Fig.3. We see that it
corresponds to a fraction 50 − 150% of the diffuse flux
at Eγ ' 1 TeV, depending on the assumed scenario for
CR space and energy distribution. The source contri-
bution becomes even more relevant at larger energy and
dominates the total emission at Eγ ∼ 100 TeV.
We remark that the flux ϕ
(r)
S , includes by construction
only resolved sources. The total flux produced by sources
should include also the contribution due to very faint
and/or extended sources that are not resolved by HESS.
We can express the total source contribution as
ϕγ,S = ϕ
(r)
γ,S (1 + η) (8)
where the parameter η, that depends in principle on the
observation direction and energy, quantifies the relative
contribution of unresolved objects to the total source
flux. At TeV energies, we naturally expect that unre-
solved sources accounts for a relevant fraction of the total
signal because a small portion of the Galaxy is resolved
by the HESS experiment while sources are expected to
be distributed in the entire Galaxy. It is e.g. discussed
in [21] that point-like objects with intrinsic luminosity
above 1 TeV equal to L = 1034 erg s−1 can be observed
up to a median distance D ∼ 7 kpc. The observational
horizon can be, however, much smaller (up to a factor 3)
for extended sources.
By taking into account that HESS sensitivity limit for
extended objects is ' 10% of the CRAB flux integrated
above 1 TeV [21], we can provide an estimate of the η
parameter as a function of the assumed sources intrinsic
luminosity L, as it is described the Appendix A. The inte-
grated contribution of unresolved sources in the angular
region |l| ≤ 60◦ and |b| ≤ 3◦ is found to be η ' 60% of the
resolved signal, if we assume that source distribution is
proportional to the SNR number density [24] and sources
have intrinsic luminosity L = LCRAB . This prediction is
affected by large uncertainties and cannot be obtained as
a function of the observation direction and energy. For
this reason, we do not include the unresolved sources con-
tribution when comparing of observational data of Argo-
YBJ, HESS, HAWC and Milagro experiments with our
theoretical estimates. However, the implications of un-
resolved sources for the interpretation of our results and
the constraints on the parameter η arising from observa-
tional data are considered in Sect.V.
IV. COMPARISON WITH DATA
The sum of the flux produced by diffuse component
and resolved sources:
ϕγ = ϕγ,diff + ϕ
(r)
γ,S (9)
provides a lower estimate of the total emission that can
be compared with the observational determinations of
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FIG. 4: The total gamma fluxes predicted as a function of the Galactic longitude l following the same color prescription as in
Fig.2. The green dotted line represents the contribution of resolved sources. For a detailed description of the plots see the text.
the total gamma-ray flux at TeV energies obtained by
HESS [14], HAWC [16], Argo-YBJ [13] and Milagro [15].
This comparison is reported in Fig.4.
The four experiments have different observation win-
dows, angular resolutions and median observation ener-
gies, as it is indicated in the figure. In particular, the
HESS Galactic Plane Survey [14] (upper left panel of
Fig.4) measures the profile of gamma-ray emission, av-
eraged for latitudes |b| < 2◦, in the longitude range
−75◦ < l < 60◦, for a photon median energy Eγ = 1 TeV.
The data are provided in angular bins δl ∼ 0.6◦. In order
to remove possible background contributions, the total
emission from the Galactic plane is obtained by HESS as
the excess with respect to the average signal at absolute
latitudes |b| ≥ 1.2◦ [14]. We apply the same background
reduction procedure to our predictions. For each consid-
ered case, we report in the figure the excess along the
galactic plane (i.e. in the region |b| < 1.2◦) with respect
to the average emission in the region 1.2◦ < |b| < 2◦.
The HAWC experiment recently presented the prelim-
inary longitudinal gamma-ray profile in the angular re-
gion 0◦ < l < 60◦ for a photon median energy Eγ = 7
TeV (upper right panel of Fig.4). The emission is aver-
aged over galactic latitudes |b| < 2◦ and it is provided
in angular bins δl ∼ 2◦ [16]. The Argo-YBJ experiment
measures the total gamma-ray emission in the overlap-
ping longitudinal range 25◦ < l < 60◦ for Eγ = 600 GeV
(lower left panel of Fig.4). The measured flux is aver-
aged over galactic latitudes |b| < 5◦ and the data are
presented in longitudinal bins δl ∼ 8◦ [13]. At higher en-
ergy, Eγ = 15 TeV, the Milagro experiment reports the
total gamma-ray emission in the region 30◦ < l < 60◦
(lower right panel of Fig.4). The observed flux is aver-
aged over galactic latitudes |b| < 2◦ and it is provided in
angular bins δl ∼ 2◦[15].
In order to facilitate the comparison among the dif-
ferent measurements, we re-binned the data from HESS,
HAWC and Milagro over longitudinal bins δl ∼ 10◦ that
are comparable with Argo-YBJ angular resolution. The
re-binning procedure is also done to avoid large fluctua-
tions of the signal thus making visually clear the excess
(or the deficit) of the observed flux with respect to our
predictions. It should be noted that our calculations of
the diffuse gamma-ray component are intended to de-
scribe the main features of the interstellar emission, but
they are not expected to reproduce the small angular
scales fluctuations of the observed signal, being based
on (relatively) smooth gas and CR distributions. The
data points obtained after the re-binning procedure are
reported in Fig.4. They are located in the bin midpoint
and have vertical errors bars that include systematic and
statistical errors of the measured fluxes. The two errors
are summed in quadrature and correspond to a total un-
certainty equal to 30% for HESS [21], 50% for HAWC
[16], 27% for Argo [13] and 36% for Milagro [15]. The
grey dashed lines (not given for Argo-YBJ) are obtained
6by performing a moving average of the experimental data
with the previously discussed δl and are intended to show
the longitudinal dependence of the total galactic emission
measured by each experiment.
The red and blue curves displayed in Fig.4 give the
sum of the gamma-ray flux produced by sources in HESS
catalogue and diffuse emission, averaged in the galactic
latitudinal windows considered by each experiment and
then smeared in longitudinal bins δl = 10◦ for HESS,
HAWC and Milagro and δl = 8◦ for Argo-YBJ. The red
lines take into account CR spectral hardening hypothesis
while blue lines correspond to the standard assumption.
Solid and dashed lines are obtained (in both cases) by
assuming that the CR spatial distribution follows that
of SNRs with smearing radius equal to R = 1 kpc and
R = ∞ (see Eq.3), respectively. The green dotted lines
in the various panels show the contribution to the total
flux which is only ascribed to sources resolved by HESS.
Finally, in order to discuss the behaviour of our pre-
dictions as a function of energy, we select the observation
window 30◦ < l < 60◦ and −2◦ < b < 2◦ where all the ex-
periments are sensitive. In this region, we compare the
gamma-ray fluxes obtained in this work with the mea-
sured ones at different energies. The results are reported
in Fig.5.
V. RESULTS
The results reported in Fig.4 and 5 allow us to reach
several important conclusions.
i) The main features of the gamma-ray signal in the
TeV domain are reproduced by our model both as func-
tion of the observation angle and energy. The possibility
to validate our approach and to benchmark our calcu-
lations with gamma-ray data is particularly important
to predict at larger energies Eν ∼ 100 TeV, within a
multi-messenger approach, the galactic contribution to
neutrino telescopes signal, see e.g.[19].
ii) According to our estimates, the emission from re-
solved sources accounts for a large fraction of the total
flux in the TeV domain. In the angular ranges indicated
in Fig.4, the gamma-ray sources included in the HESS-
GPS catalogue are responsible for 30%, 46%, 44%, 44%
of the total signal observed by Argo-YBJ, HESS, HAWC
and Milagro, respectively. Note that gamma-ray sources,
if powered by hadronic processes, are also emitting HE
neutrinos. Our calculations show that their contribution
to galactic neutrino fluxes is potentially large and thus
cannot be neglected, as was also suggested in [19].
iii) It was noted in [19] that gamma-ray flux from the
galactic plane at Eγ = 1 TeV is not symmetric with re-
spect to galactic center, being the flux observed by HESS
in the longitude range 0◦ ≤ l ≤ 60◦ about 30% larger
than that observed in −60◦ ≤ l ≤ 0◦. This asymme-
try is partially reproduced by our calculations as a result
of the inclusion of resolved sources. In our model, dif-
fuse emission is indeed invariant with respect to l → −l
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FIG. 5: The total gamma flux as a function of the energy for
the different cases considered in this work. The same quantity
as measured by HESS, HAWC, Argo-YBJ and Milagro is also
displayed for a comparison. The green dotted line represents
the contribution due to resolved sources.
transformation, being based on cylindrically symmetric
gas and CR distribution. In order to reproduce the ob-
served difference, one should break cylindrical symmetry,
including e.g. a 3D gas distribution and/or clumps of in-
creasing CR density at fixed galactic coordinates [9].
iv) The comparison between theoretical predictions
and observational data allows us to obtain interesting
constraints on the CR distribution. Indeed, the pre-
dicted fluxes in the presence of CR hardening saturate
or exceed the observed signal in certain regions of the
Sky. In particular, the largest prediction considered in
this work, which is obtained by including CR spectral
hardening and by assuming that the CR spatial distribu-
tion follows that of SNR with R = 1 kpc smearing radius
(red solid lines), account for 95%, 104%, 104% and 118%
of the total signal observed by Argo-YBJ, HESS, HAWC
and Milagro in the angular ranges indicated in Fig.4, re-
spectively. This is hardly acceptable on physical basis
considering that an additional non negligible contribu-
tion is expected to be provided by non-resolved sources
and inverse Compton.
v) The contribution from inverse Compton and unre-
solved sources can be estimated by subtracting theoret-
ical predictions from observational data, allowing us to
obtain an upper limit on the η parameter that quan-
tifies the relative contribution of unresolved objects to
the total source flux, see Eq.(8). If we consider the low-
est prediction in the presence of CR spectral hardening,
that is obtained by considering a smooth CR space dis-
tribution (i.e. with a smearing radius R = ∞) and cor-
responds to the red dashed lines in Fig.4, we obtain that
η should be lower than 0.92, 0.51, 0.45 and 0.14 in the
angular ranges and at the gamma-ray energies probed
by Argo-YBJ, HESS, HAWC and Milagro, respectively.
Note that the IC contribution to HESS signal is expected
to be strongly reduced [14] due to the very stringent lati-
tudinal cut for background suppression procedure. Thus
7the HESS data can be used to extract the unresolved
source contribution at Eγ = 1 TeV, obtaining η ≤ 0.5 in
the presence of CR hardening.
vi) The obtained limits for unresolved sources contri-
bution can be compared with the expected values for η
with potential implications for source population stud-
ies. It is e.g. estimated in Appendix A that η ∼ 0.6 for
photon energies Eγ ≥ 1 TeV and in the angular range
|l| ≤ 60◦ and |b| ≤ 3◦ that essentially corresponds to
the region probed by HESS total flux measurement, see
upper-left panel of Fig.4. This estimate is obtained by
assuming that HE gamma-ray sources are distributed in
the Galaxy as SNRs [24] and have an intrinsic luminosity
comparable to that of CRAB nebula. Larger values for η
are obtained for smaller sources intrinsic luminosity, since
the horizon for resolved sources decreases (see Eq.A1)
and thus a smaller portion of the Galaxy is probed by
HESS.
vii) By comparing the estimated value for η with the
constraint η ≤ 0.5 obtained from HESS results, we are
lead to the conclusion that CR spectral hardening is con-
sistent with observational data if we assume that HE
gamma-ray sources have a relatively large intrinsic lu-
minosity, greater than or comparable to that of CRAB.
On the contrary, theoretical arguments and/or observa-
tional indications for a large unresolved sources contri-
bution (i.e. η  0.5) could rule out the hypothesis of
CR spectral hardening, since the predicted signal in this
assumption from diffuse and (resolved plus unresolved)
sources would exceed the total observed gamma-ray flux.
VI. SUMMARY
In this work, we demonstrate that the TeV gamma-
ray sky can be used to probe the distribution of galac-
tic cosmic rays. We present updated calculations of the
diffuse gamma-ray emission produced by the interaction
of CR with the gas contained in the galactic disk con-
sidering also the possibility of CR spectral hardening in
the inner Galaxy, recently emerged from the analysis of
Fermi-LAT data at lower energies. We show that inter-
esting constraints on the CR distribution in the Galaxy
can be obtained by comparing the total flux due to the
diffuse interstellar emission plus the cumulative contribu-
tion of point-like and extended sources in HESS-GPS cat-
alogue with the total flux measured by Argo-YBJ, HESS,
HAWC and Milagro experiments. Indeed, our largest
prediction for the diffuse emission which is obtained by
assuming that the CR density follows that of SNR (with
R = 1 kpc smearing radius) and by considering CR spec-
tral hardening in the inner Galaxy, seems to be excluded
by present observational data. Stronger constraints can
be obtained by taking into account the contribution to
the observed signal provided by sources non resolved by
HESS. This is naturally expected to be non negligible but
is affected by large uncertainties. The CR spectral hard-
ening hypothesis would be ruled out globally (i.e. even
if a smooth CR spatial distribution with R = ∞ is as-
sumed), if the non resolved contribution is demonstrated
to be larger than ∼ 50% of the resolved component.
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9Appendix A: The contribution to the total
gamma-ray flux due to HESS unresolved sources
The HESS source catalogue [21] can be considered
complete for sources producing an integrated flux at
Earth Φ(Eγ ≥ 1 TeV) larger than Φth = 10% ΦCRAB,
where ΦCRAB = 2.26 · 10−11 cm−2 s−1 is the flux emit-
ted by CRAB nebula above 1 TeV. If we take the
CRAB emission spectrum as a reference, a source
at a distance D with intrinsic luminosity L (above
1 TeV) produces a flux at Earth given by Φ =
ΦCRAB (L/LCRAB) (D/DCRAB)
−2, where LCRAB = 5 ·
1034 erg s−1 and DCRAB = 2 kpc are CRAB luminosity
and distance, respectively. The produced flux is larger
than Φth only if the source distance is D ≤ D(L) where:
D(L) ≡ 6.3 kpc
√
L/LCRAB (A1)
The above estimate shows that a relatively small region
of the Galaxy is fully resolved by HESS, even if sources
are assumed to be very luminous.
In the assumption of fixed source intrinsic luminosity
L, the cumulative contribution of sources to the gamma-
ray flux for Eγ ≥ 1 TeV observed from the direction nˆ
can be calculated as:
ϕγ,S(nˆ, L) = ΦthD(L)
2
∫ ∞
0
dl fS(r + nˆl) (A2)
where fS(r) represents the source distribution in the
Galaxy. The total flux can be divided in two contribu-
tions, ”fully resolved” and ”partially resolved” sources.
The contribution of fully resolved sources with Φ ≥ Φth
can be calculated as:
ϕ
(fr)
γ,S (nˆ, L) = ΦthD(L)
2
∫ D(L)
0
dl fS(r + nˆl) (A3)
Following this prescription, the flux from sources with
Φ ≤ Φth, that maybe are not resolved being very faint
and/or extended, is instead given by:
ϕ
(pr)
γ,S (nˆ, L) = ΦthD(L)
2
∫ ∞
D(L)
dl fS(r + nˆl). (A4)
Since the cutoff distance D(L) can be relatively small
with respect to the galactic scales, we expect that the
ratio ϕ(pr)/ϕ(fr) may be large, in particular when look-
ing at small galactic latitudes where the source density
along the line-of-sight is not expected to vanish for large
distances. In order to estimate the relevance of ”partially
resolved” contribution, we calculate the ratio:
R(L) =
Φ
(pr)
S (L)
Φ
(fr)
S (L)
(A5)
where the fluxes:
Φ
(pr)
S (L) ≡
∫
∆Ω
dΩ ϕ
(pr)
γ,S (nˆ, L)
Φ
(fr)
S (L) ≡
∫
∆Ω
dΩ ϕ
(fr)
γ,S (nˆ, L) (A6)
give the ”partially resolved” and ”fully resolved” source
emission integrated over the angular region ∆Ω defined
as −60◦ ≤ l ≤ 60◦ and −3◦ ≤ b ≤ 3◦. If we take L =
LCRAB and we assume that the source distribution fS(r)
is proportional to the SNR number density given in [24],
we obtain R = 0.9. By considering a uniform cylindrical
source distribution with radius R = 15 kpc and thickness
H = 0.2 kpc, we obtain R = 0.8.
The above results can be used to estimate the contri-
bution to total gamma-ray flux by sources unresolved
by HESS. In the angular region ∆Ω, the HESS ex-
periment observes 29 sources with fluxes larger than
Φth = 10% ΦCRAB, corresponding to a ”fully resolved”
flux Φ
(fr)
S = 7.0 ΦCRAB. This represents a fraction
ω = 0.84 of the cumulative resolved flux Φ
(r)
S that in-
cludes 42 additional sources with Φ ≤ Φth. Taking this
into account and considering that the total flux Φγ,S is
given by the sum of fully resolved and partially resolved
contribution, we obtain:
Φγ,S = Φ
(r)
γ,S(1 + η) (A7)
where the parameter (1 + η) ≡ ω + ωR is defined as in
Eq.8 and can be relatively large. If we take L = LCRAB
we obtain η ' 0.6, i.e. unresolved sources account for
an additional contribution equal to ∼ 60% of the re-
solved signal. Despite the large uncertainty, the above
estimate allows us to conclude that resolved and unre-
solved sources plausibly give comparable contributions
to the total gamma-ray observed signal, in substantial
agreement with results presented by [29].
